We investigated body-size inheritance in interspeci® c sterile hybrids by crossing a Drosophila simulans strain with 13 strains of Drosophila melanogaster, which were of various origins and chosen for their broad range of genetic variation. A highly signi® cant parent± offspring correlation was observed, showing that the D. melanogaster genes for size are still expressed in a hybrid background. Superimposed on to this additive inheritance, the size of hybrids was always less than the mid-parent value. This phenomenon, which at ® rst sight might be described as dominance or overdominance, is more precisely interpreted as a consequence of a hybrid breakdown, that is, a dysfunction of the parental genes for size when put to work together. This interpretation is enforced by the fact that phenotypic variability was much more prevalent in hybrids than in parents. We also analysed body pigmentation inheritance in the same crosses and got a very different picture. There was no increase in the phenotypic variance of F 1 hybrids and only a low parent± offspring correlation. Apparent overdominance could be observed but in opposite directions, with no evidence of hybrid breakdown. Our data point to the possibility of analysing a diversity of quantitative traits in interspeci® c hybrids, and indicate that breakdown might be restricted to some traits only.
INTRODUCTION
A major issue for understanding speciation is to identify the diversity of traits, and the number and nature of genes that distinguish related species (Dobzhansky 1937; Dobzhansky et al. 1977; Barton & Hewitt 1989; Coyne & Orr 1989; Otte & Endler 1989; Orr 2001) . In this respect, many studies are concerned with the analysis of hybrid sterility or non-viability, which is the best evidence of genomic incompatibilities and of hybrid breakdown, generally following Haldane's rule (Haldane 1922) .
Among numerous possibilities of interspeci® c hybridization in Drosophila (Coyne & Orr 1989 , 1997 Orr 2001) , the four species included in the D. melanogaster complex constitute a favourable and highly investigated cluster. Three of these species (D. simulans, D. mauritiana and D. sechellia) are closely related (Cariou 1987; Harr et al. 1998) , and produce sterile F 1 males but fully fertile females in both reciprocal crosses (Lachaise et al. 1986) . Crosses between D. melanogaster and any of the other three species usually produce one viable but sterile sex, the sex being the same as that of the D. melanogaster parent (Sturtevant 1921; Lachaise et al. 1986; Inoue et al. 1990; Das et al. 1995; Barbash et al. 2000) . Numerous investigations have been devoted to the analysis of hybrid sterility and non-viability in this complex (e.g. Hutter & Ashburner 1987; Sawamura et al. 1993 Sawamura et al. , 2000 Wu et al. 1996; Orr et al. 1997; Coyne et al. 1998; Barbash et al. 2000; Orr 2001) . Morphometrical analyses are less numerous, and focus on the shape of male genitalia (Coyne 1983; Laurie et al. 1997 ) and a few other traits, such as sex combs (Coyne et al. 1991) , ovariole number (Coyne et al. 1991; R' Kha et al. 1991) and bristle number (Biddle 1932; Markow & Ricker 1991) .
In the present work, we analyse two kinds of quantitative characters in F 1 hybrids of D. melanogaster and D. simulans: size-related traits and body pigmentation. These traits have been extensively investigated in the two parent species (e.g. Capy et al. 1993 Capy et al. , 1994 Gibert et al. 1996; Gilchrist & Partridge 1999) , but rarely in interspeci® c hybrids. In a previous paper (Moreteau et al. 1995) , it was found that hybrid females were included within the parental range, but closer to one parent, which indicates dominance. More precisely, for size-related traits (wing and thorax length, and wing :thorax ratio), the smaller size of D. simulans appeared to be partially dominant, whereas for abdomen pigmentation, a darker phenotype in D. melanogaster was partially dominant. This work, however, was only carried out with two temperate, sympatric strains from southern France, whereas both D. melanogaster and D. simulans are cosmopolitan species that exhibit signi® cant genetic variations in body size, often according to latitudinal clines. The geographic variability is, however, far more pronounced in D. melanogaster than in D. simulans (Capy et al. 1993) .
We used the large variability of body size in D. melanogaster for a deeper analysis of size inheritance in hybrids. A reference D. simulans strain was crossed to 13 different strains of D. melanogaster from various geographical origins, which were chosen for their wide range of size variation. We found a clear inheritance of bodysize parental variations in F 1 hybrids. In all cases, however, hybrids were smaller than the mid-parent, even when both Table 1 . Basic morphometrical data for parental strains (females). Lengths are expressed in millimetres´100. w : t ratio, wing: thorax ratio; abdomen pigmentation is the sum of phenotypic scores of tergites 5, 6 and 7 (possible range 0± 30); thoracic trident, intensity of pigmentation (possible range 0± 3). Mean ± s.e.; CV, coef® cient of variation. For Drosophila melanogaster, strains are ordered according to decreasing wing length. Geographical origins and year of collection are given. Lines marked with an asterisk have a French origin and were selected for increased wing length. 
MATERIAL AND METHODS

(a) Drosophila strains
As a reference D. simulans population, we took a strain collected in the vicinity of Bordeaux in 1992, which had already been used in a previous work (Moreteau et al. 1995) .
For D. melanogaster, we used populations from various parts of the world: three temperate populations from southern France, collected near Bordeaux (1992), Cognac (1992) and SaintMartin-de-Sescas (1992) (hereafter called Sescas); two populations of Asiatic origin collected from Delhi (India, 1993) and Gerghebil (Daghestan, 1992) ; one population from the Congo (Brazzaville, Kronenbourg brewery, 1989); and three populations from the Caribbean: Martinique (1994), Guadeloupe (1993) and St Marteen (1995) . We also used four lines, derived from French populations, which had been subjected to directional selection on increasing wing length for approximately 30 generations. One line originated from Bordeaux, another from Sescas and two from Cognac (1 and 2). As seen in table 1, these four strains exhibited longer wings, and also longer thoraxes, than the non-selected French populations.
All the strains originated from at least 30 wild living females, and were kept as mass cultures in bottles at 20 ± 1°C. Crosses with D. simulans were carried out after less than a year of laboratory culture, except for the Brazzaville (Kronenbourg) strain, which, collected in 1989, was studied after being in the labora-tory for four years. At least for body size (thorax length), this strain did not show any indication of laboratory change, in contrast to similar values already found in other African samples (Capy et al. 1993 ). Other investigations have also shown that variations in abdomen pigmentation or wing length among isofemale lines from a natural population remained stable over successive laboratory generations (Gibert et al. 1998) , indicating that laboratory evolution, either due to drift or adaptation, is minimal under our experimental conditions. All experiments described here were done in 1993 or early 1994, except for the St Marteen population (1995) . For each experimental cross, the F 1 hybrids and the parental strain of D. melanogaster were always reared and measured at the same time.
(b) Experimental procedures
For each interspeci® c cross, 15 virgin D. melanogaster females were put in a culture vial with 15 D. simulans males. These parental¯ies were transferred each day to a fresh vial until a suf-® cient number of offspring was obtained. Generally, no offspring were observed in the ® rst vials; subsequently, the number increased over time in relation to parental age. If a cross failed completely, it was repeated.
For the biometrical analysis of parental strains, we used random groups of 10 pairs of parents, which were transferred twice a day to fresh vials. All experimental¯ies were grown on a highnutrient, killed-yeast medium, with which crowding effects are negligible (Karan et al. 1999) . Larval density was not precisely controlled, but it ranged between 100 and 200 for the parental strains and was always less for hybrids than for intraspeci® c crosses. All experimental cultures were carried out at 25°C, and all crosses produced exclusively females.
(c) Traits measured
After emergence, parental¯ies or hybrids were transferred to fresh vials and measured a few days later after anaesthetization with ether. Linear dimensions were measured under a microscope equipped with an ocular micrometer. Micrometer units were transformed into millimetres´100. Wing length was measured on a lateral view of the¯y from the thoracic articulation to the tip. Thorax length was also measured on a lateral view from the neck to the tip of the scutellum. Pigmentation intensity was estimated visually and translated into phenotypic classes. For thoracic pigmentation, a spot with a trident shape (thoracic trident) was classi® ed into four phenotypes, from zero (no trident) to 3 (dark trident) (see David et al. 1985) . For abdomen pigmentation, we used 10 phenotypic classes from zero (yellow pigmentation) to 10 (completely black tergite) (see David et al. 1990) . Segments 5, 6 and 7 were observed, and then the sum (range of 0± 30) was calculated for each female. For each D. melanogaster strain and each hybrid set, 30 females were measured. Ninety females were measured for the reference D. simulans strain.
(d) Dominance and overdominance terminology
As stated above, our preliminary data (Moreteau et al. 1995 ) indicated a possible partial dominance of D. simulans properties for size-related traits. The more extensive analysis presented here has shown that, in several cases concerning either size traits or pigmentation, the F 1 characteristics fell outside the parental range. In quantitative genetics studies, such a situation may be described as overdominance, being either positive or negative (Kearsey & Pooni 1996; Roff 1997) . Overdominance can also be used to describe an increased ® tness of F 1 (Falconer & Mackay 1997) , and a lower hybrid ® tness may also be called negative heterosis (King 1993) . In our work, we use the word overdominance for a phenotypic description, meaning that F 1 lay outside the parental range and irrespective of a precise genetic interpretation, to be discussed in each case.
RESULTS
(a) Basic morphometrical data in parental strains
Data concerning size traits and pigmentation are given in (Capy et al. 1993; Imasheva et al. 1994; James et al. 1997; Van' t Land et al. 2000) . Abdomen pigmentation exhibited a broader variability than size, from 7.83 in Delhi up to 16.70 in Sescas selected. Interestingly, we found a positive correlation in our sample between size and pigmentation (r = 0.67 with wing length), and a similar value (r = 0.66) when correlating the nine wild populations with latitude. Similar observations (positive correlations with either size or latitude) were also made for the thoracic trident and for this trait, latitudinal clines in nature are already well documented (David et al. 1985; Munjal et al. 1997) . The thermal budget hypothesis (Gibert et al. 1996) provides an adaptive explanation for this trend: it is better to be darker in a cold climate, so that light radiations provide a bene® cial increase in body temperature.
The D. simulans strain from Bordeaux used throughout this study as a male parent, is much smaller than European strains of D. melanogaster, but of an equivalent size with the Caribbean strains. Wing: thorax ratio is also much lower than in D. melanogaster, in agreement with previous studies (Moreteau et al. 1995; Pe Â tavy et al. 1997; Morin et al. 1996 Morin et al. , 1999 . Abdomen pigmentation is close to the average value found in D. melanogaster, whereas thoracic trident is practically invisible, again con® rming previous studies on that species (Capy et al. 1988 ).
(b) Wing and thorax length in hybrids
Basic data concerning wing and thorax length, in hybrids are given in table 2. The overall means for wing and thorax length in hybrids are similar to those of the D. simulans parent but the variability among them seems slightly less than among D. melanogaster strains (compare coef® cients of variation lines in tables 1 and 2). We further analysed the data by considering the regression of hybrid female dimensions as a function of the same trait in parent D. melanogaster females. In both cases, high positive correlations were observed, with regression coef® cients of 0.421 ± 0.043 and 0.483 ± 0.066 for wing and thorax length, respectively. These coef-® cients are signi® cantly greater than zero but less than 1. Such data for wing length (® gure 1a) demonstrate that body-size variations among D. melanogaster strains have a signi® cant genetic component transmitted to the F 1 hybrid generation.
Our main purpose, however, was not to demonstrate a genetic variation transmissible through interspeci® c hybridization, but to investigate the degree of dominance in hybrids. For that, we compared the F 1 with the midparent (MP). In all cases, highly signi® cant negative values were obtained (F 1 2 MP), i.e. 2 14.15 ± 1.09 (p , 0.001) for wing length, and 2 1.84 ± 0.38 ( p , 0.001) for thorax length, indicating an overall dominance of the smaller, D. simulans parent.
In our experimental design, the parental difference (mel ± sim) was highly variable, ranging from 71 mm
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00 to zero for wing length, and from 19 to 2 3 for thorax length. Under classical dominance analysis, and if we assume a fairly stable dominance level (see, for example, Falconer & Mackay (1997) , p. 26), we would expect a regularly decreasing regression by plotting the deviation F 1 2 MP, as a function of the difference between parents. Experimental data clearly show this is not the case. For wing length (® gure 1b), we ® nd highly signi® cant negative values, i.e. a size reduction in hybrids even when the two parents are identical in size. There is a slight tendency for the deviation from MP to increase with parental difference, but the linear regression is not signi® cant (r = 0.50, p . 0.05). However, a signi® cant relationship (r = 0.81, p . 0.01) is observed when using a quadratic adjustment. For the thorax, deviations between F 1 and MP were less regular than for the wing, without any signi® cant relationship with parental difference.
Our results for wing length are summarized in ® gure 2. For clarity, we subdivided the D. melanogaster parents into four arbitrary groups of decreasing average size, that is, four selected French strains, three natural French strains, three strains from Asia and Africa, and three Caribbean strains. With the very large D. melanogaster selected strains, the average deviation between F 1 and MP is 2 17.9 mm´100, and the F 1 are located between MP and D. simulans. This may be described as partial dominance. For the three other groups, the F 1 2 MP deviation is somehow less and fairly stable, with average values of 2 11.9, 2 11.2 and 2 14.4. For the three French strains, F 1 are again between MP and D. simulans. For the three strains from Asia and Africa, the F 1 are almost identical to D. simulans, which is apparently complete dominance. Finally, for the Caribbean strains, the parents are almost identical, but the hybrids are much smaller. Instead of describing our results in terms of dominance, which formally implies allelic interactions at identical loci, we prefer to consider them as a consequence of a hybrid breakdown. In other words, the mixing of two different genomes results in an impairment of growth and development, probably due to epistatic interactions. Data for thorax length can be interpreted in a similar way.
(c) Wing: thorax ratio in hybrids
Variations of wing : thorax ratio in parents and F 1 D. melanogaster hybrids are given in tables 1 and 2. As for wing and thorax length, a positive correlation (0.78) is found between D. melanogaster strains and F 1 hybrids. The linear regression is b = 0.421 ± 0.043 ( p , 0.001), signi® -cantly higher than zero and lower than unity.
We also compared the parental differences with the deviation of F 1 from the MP. All values were negative (average = 2 0.09 ± 0.01, p , 0.001), with a slight, nonsigni® cant tendency to decrease proportionally to parental difference. The results are analogous to those obtained for wing or thorax length and, in particular, the F 1 ratio lies outside the parental interval for crosses involving the Caribbean D. melanogaster strains. Hybrid breakdown also appears to be a general interpretation for these data.
(d) Phenotypic variability of size-related traits
Phenotypic variability among individuals, which may be very large in nature, is much reduced under the favourable environment of laboratory cultures (David et al. 1980 ; Coyne & Beecham 1987; Moreteau et al. 1995; Gibert et al. 1998) . For analysing this variability, we used the coef® cient of variation (CV), which avoids scaling effects due to differences between average values. For the length characters of D. melanogaster parents, we found low average CVs, i.e. 1.91 ± 0.09 for the wing and 2.04 ± 0.08 for the thorax, and the dispersal of the values is presented in ® gure 3. Similar CVs (1.88 and 2.46, respectively) were found in the D. simulans parent. Higher values were regularly observed in hybrids with averages of 3.65 ± 0.17 for wing length and 3.13 ± 0.20 for thorax length. As shown in ® gure 3, there is almost no overlap between parental and F 1 distributions. A systematic increase of phenotypic variability results from interspeci® c hybridization.
We also investigated the CV of wing : thorax ratio and found a similar phenomenon. CVs of the ratio were, as expected, lower than for wing or thorax length, because the two traits are positively correlated (David et al. 1994) . Average values were 1.52 ± 0.08 in parents and 2.57 ± 0.12 in hybrids, and the difference is highly signi® cant (t = 7.17, p , 0.001).
(e) Pigmentation in hybrids
Thoracic pigmentation was, on average, darker in D. melanogaster (0.46 ± 0.03) than in hybrids (0.15 ± 0.02; p , 0.01). We found a positive correlation between the mean values of D. melanogaster strains and of their hybrids (r = 0.73). The parent± offspring regression produced a coef® cient (b = 0.240 ± 0.067) that was signi® cantly higher than zero, but signi® cantly lower than for wing and thorax. We therefore concluded that there is interspeci® c heritability for this trait.
Abdomen pigmentation permitted a more detailed analysis. As seen in tables 1 and 2, overall means were almost identical in parents and F 1 . A parent± offspring regression revealed a non-signi® cant correlation (r = 0.43), and the coef® cient of regression, although superior to 0.4 (b = 0.437 ± 0.278, p = 0.14), was not signi® cantly different from zero. Clearly, the parental properties were not easily transmitted through hybridization.
A more precise analysis was carried out on F 1 deviation from MP as a function of parental difference (® gure 4). The graph reveals a lack of correlation between the variables, a broad dispersal of the data and, more interestingly, an average deviation from MP that is close to zero: m = 0.145 ± 0.573. This general trend might be described as an additive interspeci® c inheritance. A closer examination of the data (® gure 4) shows, however, that only four values among 13 lie within the area of additivity dominance, and nine lie outside the range of the parents, indicating overdominance. The problem is that, in four cases, F 1 are lighter than the lightest parent, whereas, in ® ve cases, the reverse is true. The two extreme cases were obtained with two selected lines, with similar pigmentation, Cognac 2 selected (average pigmentation 12.80) and Bordeaux selected (average pigmentation 11.83). The former cross produced very light hybrids (8.23) and the latter very dark ones (15.80). These crosses are illustrated in ® gure 5. Interestingly, experimental crosses with the four selected lines were made at the same time.
We also considered the phenotypic variability of abdomen pigmentation. Because the variable ranges from 0 to 30, we expected a variance of zero at both ends of the range, and a maximum for a mean score of 15. A CV cannot be used and, as in previous studies (Gibert et al. 1999) , we estimated the individual variability by the standard deviation of each distribution. Average standard deviations were 2.75 ± 0.25 for the 14 parental strains (13 D. melanogaster and D. simulans) and 2.79 ± 0.17 for the hybrids. Unlike size-related characters, there is no tendency for an increased variability of abdomen pigmentation in hybrids, and hybrid phenotypes can be either lighter or darker than the MP.
DISCUSSION AND CONCLUSIONS
Two kinds of quantitative traits, measured in parents and F 1 interspeci® c hybrids, have led to quite different conclusions, and our results will be discussed successively.
Size-related traits (wing length, thorax length and wing : thorax ratio) were the primary focus of the analysis as the parental D. melanogaster strains were chosen for their broad variability range. Our extensive results emphasize the dif® culty of drawing a general conclusion from investigating a single cross only. We have found that differences between strains of the D. melanogaster parent were clearly transmitted to the F 1 hybrids and, in this respect, genes for size in the two species seem to cooperate Proc. R. Soc. Lond. B (2002) in an additive way. Indeed, if we consider that the parent± offspring regression is an estimate of half the heritability, we ® nd a heritability approaching 1. Of course this value characterizes different strains and not the individuals from a single population.
Comparing F 1 with the MP value, we regularly observed that hybrids were smaller than the MP. Because D. simulans is generally smaller than D. melanogaster, the easiest formal interpretation, considering a single cross, is that D. simulans genes are somehow dominant (Moreteau et al. 1995) . In other words, allelic interactions exist at the same loci. The complete dataset points, however, to the more general interpretation of an F 1 breakdown, implying epistatic interactions. This interpretation is strongly reinforced by the observation of a very signi® cant increase in the phenotypic variance. Such a phenomenon may be due to an increase in the non-heritable component of variance, in other words to a higher developmental instability of hybrids. But it may also be due to deleterious epistatic gene interactions as shown, for example, in viability studies (Coyne et al. 1998) . Our data also show that the phenotypic coef® cient of variation can be a reliable parameter in quantitative genetic studies (David et al. 1994; Karan et al. 1999) . Phenotypic variability, however, depends on the experimental techniques and especially the quality of the rearing medium, so that data obtained by different investigators may be dif® cult to compare (see Gibert et al. (1998) for discussion).
From a general viewpoint, hybrid breakdown may be observed in F 1 or F 2 generations and as a consequence of either an interspeci® c or an intraspeci® c cross (Dobzhansky et al. 1977) . To our knowledge, breakdown resulting from epistatic interactions is not well documented in interspeci® c crosses among Drosophila species (Orr 2001) . In hybrids of D. melanogaster and D. simulans, an increase in frequency of morphometrical abnormalities is an ancient observation (Sturtevant 1921) , but few precise analyses are available concerning either the non-development of major thoracic bristles (Biddle 1932) or an increase in¯uctuating asymmetry of sternopleural bristles (Markow & Ricker 1991) . If the cluster of the three more closely related species (D. simulans, D. mauritiana and D. sechellia) are considered, many more quantitative traits, either morphological, physiological or behavioural have been investigated in F 1 and backcrosses. A general conclusion seems to be that the results generally ® t a simple additive model with no major epistatic interaction (David et al. 1974; Coyne 1983; Coyne & Kreitman 1986; Coyne et al. 1991; R' Kha et al. 1991; Amlou et al. 1997) . This indicates that breakdown is not very marked when quantitative traits of closely related species are analysed. Such a conclusion, however, appears to be in contradiction to the results from intraspeci® c investigations. When geographically distant populations of the same species are crossed and investigated in F 1 and F 2 generations, an F 2 breakdown, also called outbreeding depression, has often been observed for various traits, including viability (Vetukhiv 1953; Wallace 1955) , fecundity (Vetukhiv 1956 ), body size (David 1979; Gilchrist & Partridge 1999) and ovariole number (Starmer et al. 1998) . That outbreeding depression might be more common in intra-than in interspeci® c crosses is surprising and the problem deserves more extensive analyses. Our data on the heredity of pigmentation, and especially of abdomen pigmentation, have provided a different picture from that obtained with size-related traits, and also some surprising results. First, there was no increase in the phenotypic variability of hybrids. Second,`heritability' in interspeci® c crosses remained quite low, due to irregular variations in F 1 and a low parent± offspring correlation. More surprisingly, an apparent overdominance was often observed, but with no obvious relationship to ® tness. According to the D. melanogaster parent, F 1 could be either lighter or darker than MP. Interestingly, the most extreme results were obtained with the French strains that were selected for wing length, i.e. with strains that presumably underwent fairly strong inbreeding. Of course, as we have seen for size traits, apparent overdominance may rely, in fact, on epistatic interactions, but divergent trends are dif® cult to explain. Body pigmentation, which is both highly heritable (Gibert et al. 1998 ) and highly plastic (David et al. 1990) , is an interesting quantitative trait, which deserves more investigation, especially genetic analyses at an intraspeci® c level. In this respect, our unpublished data on D. melanogaster indicate a major additive component, at least in F 1¯i es.
In conclusion, in hybrids between D. melanogaster and D. simulans, hybrid breakdown might be restricted to some quantitative traits, such as bristle numbers or size-related traits, but not all of them: each kind of character therefore deserves a speci® c analysis. Our data on pigmentation also indicate that a phenotypic similarity in the two parental species may be due to identical alleles in some strains, whereas in other strains, similar phenotypes may be due to different allelic combinations, as revealed by F 1 studies.
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